S-nitrosothiols (RSNOs) regulate several aspects of platelet physiology including inhibition of activation, adhesion and aggregation. PDI (protein disulphide-isomerase) has recently been found to be localized to the cell surface, where it exhibits both disulphide-exchange and denitrosation activities. The disulphideexchange activity of PDI has been linked to aspects of platelet aggregation. The present study suggests that the metabolism of RSNOs by platelets is a function of PDI denitrosation activity. Exposure of washed human platelets to increasing concentrations of GSNO (S-nitrosoglutathione) resulted in saturable denitrosation kinetics. The presence of known PDI inhibitors phenylarsine oxide and anti-PDI antibodies prevented GSNO denitrosation. The fact that, in the presence of GSNO plus the cell-permeable guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo-[4,3-a] quinoxaline-1-one, the initial rates of ADP-induced platelet aggregation and the maximum OD were diminished by ∼ 40 % shows that RSNOs have dual inhibitory effects on platelets, which are mediated through PDI. First, PDI denitrosates RSNOs, releasing NO that, via the guanylate cyclase/G-kinase route, attenuates platelet activation. Secondly, RSNOs are denitrosated at the same PDI-active site that catalyses the disulphide bond formation between integrins and their ligands, thereby attenuating irreversible aggregation.
INTRODUCTION
Protein disulphide-isomerase (PDI) is a homodimeric protein widely distributed across eukaryotic tissues, making up ∼ 1 % of the total protein content of cells [1] . One of the most studied functions of PDI is its ability to catalyse isomerization and rearrangement of disulphide bonds in the endoplasmic reticulum [2] . In recent years, PDI has been found localized on the surface of mammalian cells and platelets and is termed csPDI (cell-surface PDI) [3, 4] .
The role of csPDI in platelet physiology was first established by Chen et al. [5] . They observed that PDI mediated the cell adhesion properties of thrombospondin through the intramolecular isomerization of its disulphide bonds [5] . Subsequent work by Essex et al. [6, 7] and Hogg and co-workers [8] used thiol alkylating agents and inhibitors of PDI to prevent platelet activation and aggregation. Recent studies have identified two distinct activities for csPDI.
The first activity involves thiol-disulphide-exchange activity. Lahav et al. [9] [10] [11] showed that csPDI catalyses disulphide bond formation between integrins and their ligands, thus promoting covalently linked adhesion of platelets to other platelets and to other vascular cells. The second activity of csPDI, termed denitrosation, is catalysed by the same active-site thiols involved in the thioldisulphide-exchange activity of the enzyme [12] [13] [14] . In this process, csPDI catalyses the release of NO (nitric oxide) from RSNOs (S-nitrosothiols).
RSNOs are involved in many physiological processes including neurotransmission, smooth-muscle relaxation, non-specific immune response and inhibition of platelet activation and aggregation [15] . NO inhibits platelet activation through activation of GC (guanylate cyclase)/G-kinase resulting in a reduction in agonist-induced [Ca 2+ ] i . Myosin light chain phosphorylation is then inhibited, decreasing the ability to aggregate [16] .
Previous research has linked the inhibition of csPDI to the inhibition of platelet aggregation [9] [10] [11] . Furthermore, RSNOs have also been shown to inhibit platelet aggregation [17, 18] . In the present study, we show that csPDI plays a dual role in the RSNO-dependent inhibition of platelet aggregation.
MATERIALS AND METHODS

Preparation of GSNO (S-nitrosoglutathione)
GSNO was synthesized by first determining [free thiol] in the GSH with Ellman's reagent [19] . A stoichiometric amount of acidified NaNO 2 was reacted for 30 min at 4
• C. The pH of the solution was then adjusted to 7.4. The NO 2 − contamination in 1 mM GSNO prepared in this manner was determined by the Griess reagent to be 4.8 µM [20] . Since the highest [GSNO] utilized in these studies was 0.1 mM, the maximum NO 2 − contamination would be ∼ 0.5 µM, which is ∼ 10-fold lower than that reported in human serum [NO 2 − ] (5-20 µM) [21] . GSNO was then recrystallized by the slow addition of ice-cold acetone, which resulted in [NO 2 − ] levels that were below the detection limit of the Griess assay.
Purification of PDI
PDI was isolated from two separate sources. First, PDI was purified from bovine liver as described by Hillson et al. [22] . Secondly, recombinant human PDI was expressed using Escherichia coli strain BL21(DE3) and expression vector pET-28a. This plasmid encodes a fusion protein containing the entire human PDI sequence with an N-terminal His 6 tag [23] . Recombinant PDI was purified from the soluble fraction of the cell lysate using Ni-CAM TM HC Resin (Sigma), which is a high-capacity nickelaffinity matrix. Bound PDI was eluted using 250 mM imidazole in Abbreviations used: ACD, acid citrate dextrose; GC, guanylate cyclase; GSNO, S-nitrosoglutathione; ODQ, 1H- [1, 2, 4] oxadiazolo-[4,3-a]quinoxaline-1-one; PAO, phenylarsine oxide; PDI, protein disulphide-isomerase; csPDI, cell-surface PDI; RSNO, S-nitrosothiol; SNPL, S-nitroso-DL-penicilamine. 1 To whom correspondence should be addressed (email mutusb@uwindsor.ca).
50 mM Tris/HCl (pH 8.0) and collected in 2.0 ml fractions. The fractions containing PDI were pooled and dialysed against 0.1 M potassium phosphate buffer (pH 7.0). Protein quantification was performed using the Bradford assay [24] .
PDI disulphide-exchange assay
PDI thiol-disulphide-exchange activity was monitored using the turbidimetric assay of insulin disulphide reduction [25] . Briefly, 0.25 µM purified bovine PDI was added to a solution of insulin (0-250 µM) and GSH (500 µM) in a 0.1 M K 2 HPO 4 buffer containing 2 mM EDTA (pH 7.0). The increase in turbidity was monitored (λ = 630) at 30 s intervals for 30 min. This assay was repeated in the presence of known PDI inhibitors, 200 µM PAO (phenylarsine oxide) and 20 µg/ml anti-PDI antibodies [10, 26] . The disulphide-exchange activity of bovine PDI was then challenged by the presence of GSNO (0-625 µM). To demonstrate the similarity between human and bovine PDI, the disulphide-exchange activity of 0.25 µM recombinant human PDI was also monitored using the insulin turbidity assay in the presence of increasing concentrations of GSNO (0-625 µM).
Platelet isolation
Suspensions of washed human platelets were obtained by the method of Mustard et al. [27] . Briefly, samples of peripheral venous blood were mixed 6:1 with ACD (acid citrate dextrose; 25 g/l trisodium citrate dihydrate, 15 g/l citric acid monohydrate and 20 g/l dextrose). Whole blood was centrifuged (15 min at 190 g at 37
• C) to yield platelet-rich plasma. Platelets were isolated by centrifugation (15 min at 2000 g at 37
• C) and washed three times in Tyrode-albumin solution (pH 7.4). The first wash contained heparin (2 units/ml) and apyrase (1 unit/ml); the second only apyrase (1 unit/ml); and the third wash contained Tyrode's solution without apyrase and heparin. Platelets were quantified using a haemocytometer.
GSNO consumption by platelets
The consumption of GSNO (0-250 µM) by washed human platelets was monitored first spectrophotometrically using a 96-well plate reader [28] . The decrease in absorbance (λ = 340 nm) was monitored in the presence of 2 × 10 6 platelets/ml. The role of platelet csPDI in GSNO degradation was assessed by treating platelets with the PDI inhibitors 200 µM PAO and 20 µg/ml anti-PDI antibodies for 30 min before the addition of GSNO [10, 26] . Denitrosation was also monitored by using ISO-NO Mark II equipped with a WPI MKII NO electrode. The addition of 500 µM CuSO 4 to known concentrations of GSNO (0-250 µM) was used to generate a standard curve to quantify the release of NO [29] . Solutions of washed human platelets (2 × 10 6 ml −1 ) were prepared in ACD buffer. The NO electrode was immersed in ACD buffer containing increasing concentrations of GSNO (0-250 µM), and the NO release was initiated by the addition of platelets. The role of platelet csPDI was assessed by incubating platelets for 30 min with 20 µg/ml anti-PDI antibodies and monitoring the amount of NO released in the presence of 40 µM GSNO. As a control, the amount of NO released from 40 µM GSNO by platelets treated for 30 min with 20 µg/ml non-PDI-specific IgG was also monitored.
Platelet aggregation studies
Samples of washed human platelets were prepared in Tyrode's solution (10 × 10 8 ml −1 ). Aggregation was induced with 2.5 µM 
Figure 2 GSNO inhibition of PDI-catalysed disulphide exchange
The initial rates of PDI disulphide-exchange activity were monitored using bovine PDI (᭝) as well as recombinant human PDI (᭺) in the presence of increasing concentrations (1-625 µM) of GSNO. In both cases, the disulphide-exchange activity of PDI was inhibited with an apparent K i = 120 µM. The presence of increasing concentrations (1-625 µM) of GSH as a control had no effect on the disulphide activity of bovine PDI (᭛) as well as the recombinant human PDI (ᮀ). The error bars represent S.D. (n = 8).
ADP and monitored spectrophotometrically in a 96-well plate at 630 nm for loss of turbidity [30] . Platelet aggregation was monitored in the presence of PDI inhibitors PAO (200 µM), anti-PDI antibodies (20 µg/ml) as well as GSNO (20, 40 and 100 µM) [10, 21] . Platelets (10 × 10 7 ml −1 ) were also treated with 2.5 µM of the GC inhibitor ODQ (1H-[1,2,4 ]oxadiazolo-[4,3-a]quinoxaline-1-one) [31] . After 30 min of incubation, aggregation was induced using 2.5 µM ADP and monitored in the presence of 100 µM GSNO.
RESULTS
Disulphide-exchange activity of PDI
The disulphide-exchange activity of 0.25 µM PDI first monitored using the insulin turbidity assay resulted in a K M of 65 µM (Figure 1) . Repeating this assay in the presence of 200 µM PAO resulted in complete loss of disulphide-exchange activity. The presence of 20 µg/ml anti-PDI antibodies resulted in ∼ 75 % loss of activity, whereas the use of 20 µg/ml non-PDI-specific IgG caused no inhibition of disulphide exchange (Figure 1 ). The presence of increasing concentrations (1-600 µM) of GSNO with 0.25 µM PDI, 65 µM insulin and 500 µM GSH resulted in a concentrationdependent inhibition with an apparent K i of 120 µM. Bovine PDI and recombinant human PDI exhibited identical disulphideexchange activities and inhibition by GSNO (Figure 2) .
GSNO consumption by platelets
The consumption of GSNO by human platelets was first monitored spectrophotometrically (λ = 340 nm, loss of S-NO absorbance) using a 96-well plate reader. The initial rates of S-NO bond loss displayed saturation kinetics with an apparent K M = 16.5 + − 3.8 µM (Figure 3) . GSNO consumption was completely inhibited by the presence of known PDI inhibitors PAO [26] and anti-PDI antibodies [10] , indicating that PDI is responsible for the observed denitrosation activity (Figure 3) . To determine whether the product of csPDI-dependent GSNO denitrosation was NO, the GSNO platelet reaction was monitored with an NO electrode. The electrode was placed in an ACD buffer containing increasing [GSNO] (0-250 µM). There was no appreciable NO produced even at the highest [GSNO] . After the addition of platelets to the GSNO solutions, NO was released ( Figure 4A ). The initial rates of NO production as a function of [GSNO] once again displayed saturation kinetics with an apparent K M = 22.5 + − 1.2 µM ( Figure 4B ). Incubating platelets with anti-PDI antibodies for 30 min before the addition of 40 µM GSNO resulted in 85 % reduction in the amount of NO released, whereas 
Figure 5 Inhibition of denitrosation via anti-PDI antibodies
Denitrosation of 40 µM GSNO by washed human platelets was monitored using an NO electrode. The release of NO by washed human platelets was inhibited ∼ 90 % after 30 min incubation with anti-PDI antibodies. Incubation with non-PDI-specific IgG had no effect on the amount of NO released. NO release from GSNO in the absence of platelets was insignificant (see Figure 4A ). The error bars represent S.D. (n = 4).
platelets incubated with non-PDI-specific IgG had no reduction in the amount of NO released ( Figure 5 ).
Platelet aggregation studies
Platelet aggregation was induced using 2.5 µM ADP. The initial rate of aggregation was 98 % inhibited after a treatment with 200 µM PAO and 92% inhibited with 20 µg/ml anti-PDI antibodies ( Figure 6A) . Furthermore, the presence of 20, 40 and 100 µM GSNO resulted in 38, 56 and 80 % inhibition of platelet aggregation respectively ( Figure 6B ). GSNO could be inhibiting platelet aggregation in, at least, two ways: NO produced from PDIdependent GSNO denitrosation could inhibit platelet activation via the GC/G-kinase route [16] ; alternatively, GSNO could act as a competitive inhibitor of PDI-catalysed disulphide-bond formation between integrins and their ligands [9] [10] [11] . To test this, ADPinduced platelet aggregation was performed in the presence of GSNO + − ODQ, a cell-permeable GC inhibitor [31] (Figure 7 ). In the absence of GSNO, ODQ had no effect on aggregation. In the presence of GSNO (100 µM), aggregation was totally inhibited. After inclusion of ODQ and elimination of the GC/G-kinase route, both the initial rates of aggregation and the total OD decreased by ∼ 40 %, indicating that GSNO can also inhibit platelets via the PDI-mediated integrin-disulphide-exchange route.
DISCUSSION
Results from the present study support findings from a number of previous studies involving platelet aggregation, csPDI and denitrosation. It has been shown that platelets have the ability to metabolize GSNO [32] . Other studies have shown that inhibiting PDI disulphide-exchange activity resulted in complete inhibition of platelet aggregation [9] [10] [11] . In addition, results from this study coincide with the preceding work, which identified the ability of GSNO to prevent platelet aggregation [17, 18] . It is well established that NO inhibits platelet aggregation through a GC/G-kinase-dependent process [16] . Our results show that the denitrosation activity of platelets exhibits saturation kinetics indicative of an enzyme-mediated process. The inhibition of this activity through the use of both anti-PDI antibodies and PAO identifies the participation of PDI in this process. PAO is a small tervalent arsenical that selectively binds to proteins containing vicinal dithiols such as those found in the PDI active site [26, 33] . This study also indicates that RSNOs can inhibit platelet activation via two PDI-mediated routes. As shown here, RSNOs are a substrate for csPDI. The product of this reaction is NO, which can prevent aggregation through the GC/G-kinase route. Furthermore, since in the presence of extracellular RSNOs, the PDI-active site is occupied by the denitrosation reaction, PDI cannot participate in integrin-ligand disulphide formation which leads to irreversible aggregation. Here, we showed this by performing the platelet aggregation in the presence of ODQ, a soluble GC inhibitor, plus GSNO. GSNO (100 µM) totally inhibited platelet aggregation. On the other hand, in the presence of GSNO (100 µM) plus ODQ (2.5 µM), the aggregation was inhibited by ∼ 40 %. At the concentration of GSNO employed, csPDI active sites would be ∼ 80 % saturated with GSNO (K M,GSNO ∼ 20 µM) assuming that csPDI has a similar K M for integrins and their ligands on the platelet surface, ∼ 40 % inhibition of aggregation should result. This is in contrast with the results obtained by Moro et al. Platelet aggregation was induced using 2.5 µM ADP (᭛). In the absence of GSNO, 2.5 µM ODQ had no effect on aggregation (᭝). In the presence of GSNO (100 µM), aggregation was totally inhibited (ᮀ). On inclusion of ODQ and GSNO, both the initial rates of aggregation and the total OD decreased by ∼ 40 % (᭺).
[31], where ODQ plus SNPL (S-nitroso-DL-penicillamine; 3 µM) totally reversed inhibitory effect of the NO donor. The different results obtained in the present study and by Moro et al. are supposed to be dependent on the RSNO concentrations employed and also on the relative stabilities of GSNO and SNPL. In the Moro et al. study, 3 µM SNPL was employed. Assuming that SNPL and GSNO have similar K M values, the csPDI active site would only be 13 % saturated. Once again, in the presence of competing integrin-ligand, the SNPL saturation in the active site would be ∼ 4 %. In addition, GSNO and SNPL have decomposition halflives of 2.7 h and 13.7 min respectively [34] . As a result, the effective [SNPL] is probably much lower than 3 µM in the Moro et al. study.
The significance of the present study can be summarized as follows: we have shown that platelet csPDI catalyses the denitrosation of GSNO. The product of this reaction is NO. Our results also indicate that platelet csPDI-dependent metabolism of GSNO inhibits platelets by two pathways: first, the NO released by PDIdependent denitrosation of GSNO inhibits platelets via the GC/Gkinase route; in the second pathway, GSNO acts as a competitive inhibitor of the PDI-dependent integrin-ligand disulphide formation, thus attenuating irreversible platelet activation.
Platelet csPDI may also be involved in the release of NO from low-molecular-mass RSNOs in NO-producing cells (endothelial) [35] and NO storage cells (RBCs) [36] . These possibilities are currently under investigation.
